Summary: Brain capillaries isolated from 2-month-old male and female Sprague-Dawley rats were used to study the transport of neutral amino acids. The uptake of alanine, leucine, and alpha-methylaminoisobutyric acid (MeAIB) was a linear function of time for the first minute of incubation. Based on these observations, an incuba tion time of 1 min was used to measure transport activi ties. The intracellular water volume of the isolated capil laries was 2.2 lLl/mg protein. This value was significantly lower (1.8 lLl/mg protein) when measured in the absence of sodium. L-Alanine, L-serine, and L-cysteine were taken up from the abluminal surface of brain capillaries by a sodium-and energy-dependent, carrier-mediated system. This uptake, for the most part, was not inhibited
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In order to function normally, the brain requires a continuous supply of nutrients, such as glucose, ketone bodies, amino acids, choline, and purines. The availability of these nutrients is determined by the transport systems of the blood -brain barrier (BBB), as well as by the plasma concentrations (Hawkins, 1986) . In a wide variety of animal cells, there are three major systems of transport for neu tral amino acids-the A system (alanine), the L system (leucine), and the ASC system (alanine, serine, cysteins)-which may be distinguished on the basis of their sodium requirements, substrate specificities, pH sensitivities, and regulatory char acteristics (Oxender and Christensen, 1963; Chris tensen, 1975) .
In vivo and in vitro studies have shown that there is neutral amino acid transport from blood to brain through the vessel walls (Oldendorf, 1971; Yudile vich et aI., 1972; Betz et aI., 1975; Pardridge, 1977; Pardridge and Oldendorf, 1977) and by isolated brain capillaries (Sershen and Lajtha, 1976; Hjelle et aI., 1978; Hwang et aI., 1980; Cardelli-Cangiano et aI., 1981; Cancilla and DeBauJt, 1983; Hwang et aI., 1983; Audus and Borchardt, 1986) . Betz and Goldstein (1978) demonstrated that there are two transport systems for neutral amino acids in iso lated brain capillaries: a sodium-independent L system, which operates both at the luminal and at the abluminal surface, and a sodium-dependent A system, which operates only at the abluminal sur face. The ASC system, another sodium-dependent system of transport with a substrate range mostly limited to L-alanine, L-serine, and L-cysteine, has also been found in other tissues (Christensen et aI., 1967; Newton et aI., 1984) . This system has a higher stereospecificity than the A-system, but un like the A-system, it does no. t transport N-methyl ated substrates, such �s alpha-methylaminoisobu tyric acid (MeAIB), and it can be trans stimulated by intracellular amino acids . It has been shown that in vivo, L-alanine, L-serine, and L-cysteine are transported through the immature rat blood -brain barrier partly by this system (Sershen and Lajtha, 1979; Lefauconnier and Tr ouve, 1983) . To our knowledge, there has not been any report so far as to whether an ASC system of transport functions in brain capillaries isolated from adult rats . The present experiments were undertaken in order to examine this possibility. Transport conditions were established that permitted the activities of the L, A, and ASC systems to be measured independently. Brief reports of this work have already been pub lished (Lefauconnier et aI ., 1985a,b) .
MATERIALS AND METHODS
Two-month-old male and female Sprague-Dawley rats, kept under diurnal light conditions, were used in these experiments. Rat chow from U .A.R. (U sine d' Alimenta tion Rationnelle, France) and water were available ad li bitum. The animals (15-20 rats per experiment) were de capitated, and the brains were quickly removed and placed in an oxygen-saturated preparation buffer con taining 145 mM NaCl, 4 mM KCI, 3.2 mM CaCI2, 1.2 mM MgCl2, 15 mM N-2-hydroxyethylpiperazine-N-2-ethane sulfonic acid (HEPES), pH 7.4, 5 mM D-glucose, and 1% fraction V bovine serum albumin (BSA) (prep buffer).
Capillaries were isolated according to the method of Goldstein et al. (1975) , with minor modifications. Briefly, cortical shells were homogenized, using a 4: 1 (vol/wt) ratio of buffer to tissue, by 20 up-and-down strokes at 400 rpm with a Heidolph motor-driven homogenizer. The ho mogenate was diluted to give a 10% (wt/vol) suspension and then centrifuged at 1,000 g for 10 min. To remove myelin and cellular debris, the pellet was resuspended (approximately 12:1) in the prep buffer without BSA, but with 17.5% dextran (MW 70,000), and then centrifuged at 4,000 g for 10 min. Pellets were resuspended in a small volume of prep buffer (l0-15 ml) and gently teased through a 118-!L nylon mesh. The filtrate was passed through glass bead (0.25 mm) columns (1 cm x 1 cm) and rinsed with an excess volume of buffer in order to wash off nuclei while the capillary segments were retained by the beads. The beads were washed in a beaker with 80-100 ml of prep buffer. As the beads sedimented to the bottom, the floating capillary segments in supernatants were collected by centrifugation at 1,000 g for 5 min. All of the above steps were carried out at 0-4°C. The purity of the capillary preparations was confirmed by light mi croscopy. Occasional red blood cells and some small ar terioles were seen. Contamination appeared to be less than 5%. Furthermore, the isolated capillaries showed a 23-fold increase in gamma-glut amyl transpeptidase ac tivity over forebrain homogenate. This enzymatic demon stration for purification of cerebral capillaries is consis tent with the highest relative enrichment reported pre viously (Goldstein et aI., 1975) .
Measurement of the intracellular water volume
Intracellular water volume was measured in the pres ence and absence of sodium using 3-0-methyl eH)-D-glu cose (3-MG), according to the method of Kletzien et al. No.5, 1987 No.5, (1975 . For the experiments in the absence of sodium, NaCl was replaced by choline chloride (145 mM) in prep buffer. For these studies, the final capillary suspension was divided in two and washed twice by centrifugation at 1,000 g for 5 min-one part in sodium-containing prep buffer and the other part in sodium-free prep buffer-be fore preincubation. The final microvessel suspensions were preincubated for 20 min at 25°C in prep buffer (with and without sodium) in which glucose had been replaced by 5 mM pyruvic acid. Uptake was initiated by the addi tion of 0.05 ml of 3-MG (1 !LCi) containing unlabeled car rier (5 mM) to 0.2 ml of capillary suspension. After 30 s and 1, 10, 20, and 40 min of incubation, uptake of 3-MG was terminated by the addition of 4 ml stop solution con taining 1 mM HgCI2, 0.1 mM phloretin pre solubilized in ethanol (1 %, vol/vol), and immediately washed with 12-15 ml of the same solution. Radioactivity and protein contents were determined as described below. Intracel lular water volume is expressed as microliters per milli gram capillary protein.
Uptake studies
The final capillary pellet was resuspended in prep buffer, and aliquots of 0.2 ml were saturated by O2 and incubated at 37°C in a shaker bath. After a 20-min prein cubation of the capillary suspensions, uptake was initi ated by the addition of 0.05-ml volumes of the prep buffer (free of BSA) containing 3H-labeled amino acid (1 !LCi), 14C-labeled sucrose (0.2 !LCi) as an extracellular marker, and unlabeled carrier at a final concentration of 0.1 mM to the capillary suspensions. This was incubated for vari able time at 37°C. Dithiothreitol (0.1 mM) was added to the solution containing labeled cysteine. Unlabeled com petitors and aminooxyacetate were added when needed. Uptake was terminated by the addition of 4 ml ice-cold physiological saline (stop solution) to the incubation me dium. The diluted capillary suspensions were immedi ately filtered through a 40-!L pore size nylon filter and were rapidly washed with 12-15 ml stop solution. Filters were placed individually in 1 ml H20 and sonicated for 2 min. Aliquots were added to vials containing 1 ml soluene for digestion at 50°C (30 min). After digestion and cooling, 10 ml scintillation fluid was added to each vial, and the radioactivity was counted 12 h later, using an In tertechnique SL-3000 Scintillation Counter. Aliquots were also taken for protein determination by the method of Lowry et al. (1951) after overnight solubilization in NaOH (0.5 N), using bovine serum albumin as a stan dard. Each sample contained 150-200 !Lg protein.
Km, V max' and Kd were determined using the equation v = V max/(l + Km/ S) + KdS, Kinetic parameters for alanine were measured by increasing the concentration of this amino acid in the presence and absence of sodium. In the absence of sodium, choline chloride was used as de scribed above. MeAIB (20 mM) was added in order to eliminate the contribution to transport by system-A. Ethanol was eliminated by evaporation from all radio active substances containing it, in order to avoid any ef fect it might have on membranes or transport.
Chemicals
Unlabeled amino acids, phloretine, and pyruvic acid were Sigma products (Sigma Chemical Co., St. Louis, MO, U.S.A.). Albumin (fraction V) was obtained from Boehringer Mannheim (West Germany). All other re agents were of the best grade commercially available. Ra-dioactive substances were from Amersham International (Buckinghamshire, England). The isotope-labeled amino acids or analogs studied were 14C-alpha-methylaminoiso butyric acid (50 /LCi/ml), 3H-L-phenylalanine (2.5 /LCi/ ml), 3H-alanine (1 mCi/ml), 3H-serine (1 mCi/ml), 3-0-methyl-D eH)glucose (I mCi/ml), 3H-leucine (I mCi/ml), 3H-proline (1 mCilml), and 35S-cysteine (9.86 mCi/ml).
RESULTS
The total intracellular water content of capillaries in sodium-containing medium was significantly dif ferent from that in sodium-free medium after 40 min of incubation. In both cases, the uptake of 3-MG by capillaries was linear for the first minute of incuba tion. However, the steady-state value was signifi cantly higher in the presence of sodium (2.2 jJ.I/mg capillary protein) than in sodium-free medium (1.8 /LI/mg capillary protein). The steady-state value ob tained in the presence of sodium is in good agree ment with that reported by Betz et al. (1979) for the intracellular water volume of isolated rat brain cap illaries.
The ASC, A, and L transport systems for neutral amino acid uptake were studied in isolated rat brain capillaries. Figure 1 shows the time course for the uptake of 0.1 mM L-alanine, MeAIB, and L-Ieu cine. Accumulation of 3H-alanine, 14C-MeAIB, and 3H-Ieucine by the isolated capillaries was linear for the first minute of incubation at 37°C. Moreover, alanine uptake was the same in the presence and absence of aminooxyacetate (50 mM) during the first minute of incubation. As aminooxyacetate inhibits the activity of alanine aminotransferase (Mann et al., 1982) , an enzyme responsible for the metabolism of alanine, this finding suggests that alanine is not appreciably transaminated to pyru vate during the first minute of incubation. Had py ruvate been formed, its rapid efflux would have al tered the results such that a lower value for alanine uptake would have been obtained. Based on these results, we used an incubation time of 1 min to measure the initial rates of uptake of the amino acids studied. The uptake of L-alanine, L-serine, and L-cysteine by brain capillaries was measured in the presence or absence of sodium, either without any inhibitor, with 10 mM MeAIB, or with 10 mM 2 -aminobicyclo-(2,2,1)heptane-2-carboxylic acid (BCH). The results of these experiments are pre sented in Fig. 2 , according to the scheme of Shot well et al. (1981) . This figure shows that L-alanine, L-serine, and L-cysteine are primarily taken up by a sodium-dependent route. MeAIB inhibited the transport of alanine and serine by 17% and 21%, respectively, but did not inhibit the uptake of cys teine. BCH inhibited the uptake of L-alanine, L serine, and L-cysteine by about 25%, 30%, and 24%, respectively. Therefore, these amino acids appear to be taken up more by the ASC system than by either the A-or the L-systems. Figure 3 shows that MeAIB and proline were exclusively taken up by system-A, whereas leucine and phenyl alanine were transported predominantly by sys tem-L.
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The total uptake of L -alanine, L -serine, and L -cysteine ( 0. 1 mM ) by isolated brain capillaries was assigned to systems A, AS C, and L following the procedure of Shotwell et al. ( 1981) . Uptake was measured at 37"C, after 20 min preincubation, for 1 min as described in Materials and Methods. A, percentage of the total uptake that is inhibited by 10 mM aMeAIB; AS C, the sodium dependent uptake that is not inhibited by 10 mM aMeAIB; L, the sodium-independent uptake that is not inhibited by 10 mM BCH; NS , nonsaturable component.
presence of various competitors. Ta ble 1 shows that MeAIB and proline, both of which are specific sub strates for system-A, had very little inhibitory ef fect on the uptake of alanine by brain capillaries, whereas glycine, glutamine, methionine, BCH, leucine, phenylalanine, and threonine appreciably in hibited the uptake of alanine. The uptake was also greatly reduced when measured in the presence of alanine, serine, and cysteine, indicating that the transport mechanism involved was saturable. Isolated brain capillary suspensions were preincubated for 20 min at 37°C. Uptake of L-alanine (0. 1 mM) was determined after I-minute incubation in the presence of the indicated compet itors. Values are means of 3 determinations.
TRANSPORT SYSTEMS ASC,A,and L FOR AMINO ACIDS
Kinetic parameters for the uptake of L-eH)al anine were studied in the presence of MeAIB in order to eliminate the participation of the A system. These experiments were carried out in the presence of sodium, which indicates uptake by the ASC and L-systems, and in the absence of sodium (replaced by choline chloride), which indicates up take by the sodium-independent L-system. The dif ference between the transport in the presence and the absence of sodium was therefore considered to represent transport by the ASC system.
A Hofstee plot of the data obtained in the pres ence of sodium is shown in Fig. 4 . The total influx I .
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.. Hofstee plot of the total alanine influx into isolated brain capillaries in sodium-containing medium. The total up take is the sum of diffusion and saturable uptake by systems Land AS C. Isolated capillaries were preincubated for 20 min, and uptake of ( 3H)alanine was measured by 1-min incubation as a function of L -alanine concentration, which ranged from 0.1 to 15 mM . MeAlS (2 0 mM , final concentration) was added in order to eliminate transport contribution by system-A.
into isolated brain capillaries is the sum of an un saturable (Cohen, 1985) and a saturable (Chris tensen, 1967) uptake by systems La nd ASC. In the absence of sodium, both un saturable and saturable mechanisms of alanine transport were observed (Fig. 5) . The unsaturable transport constant Kd was 0.04. The saturable transport had a Km of 0.4 mM, with a V m ax of 0.23 fLmol/fLl cell water content/min. The difference between transport in the presence of sodium (systems L and ASC) and transport in the presence of choline (system L) was considered as the transport by the ASC system (Fig. 6 ). The only transport observed was a saturable one with a Km of 1.3 mM and a V m ax of 0.975 fLmol/fLl cell water/ min.
DISCUSSION
The currently accepted picture of neutral amino acid transport in mammalian cells derives from studies on the Ehrlich ascites tumor cells. A de tailed account of this work can be found in reviews by Oxender and Christensen (1963) and by Chris tensen et al. (1967) . These studies disclosed three neutral systems of overlapping specificity. The L system preferentially transports neutral amino acids with hydrophobic side chains and is indepen dent of sodium in the external medium. The A system preferentially transports substrates with short or polar side chains and is sodium-dependent. The ASC system is also sodium-dependent, and its substrate range is predominantly L-alanine, L serine, and L-cysteine (Christensen, 1975 (Christensen, , 1979 .
In this study, the system-specific amino acid an alogs MeAIB and BCH, as well as the addition or
Velocity/L-alanine (rrM) FIG. 5. Hofstee plot of the saturable and unsaturable compo nents of the uptake of L -alanine by isolated brain capillaries in choline-containing medium. The apparent Km and Vmax for ( 3H)alanine were determined by 1-min incubation as de scribed in Materials and Methods. Uptake was measured as a function of L -alanine concentration, which ranged from 0.1 t015mM .
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Hofstee plot presentation of ( 3H)alanine uptake by isolated brain capillaries as determined by the difference be tween uptake in the presence of sodium ( systems Land AS C) and in the absence of sodium ( system-L ). The apparent Km and Vmax were 1. 3 mM and 0. 975 nmol/fJ.1 cell water/min, respectively.
suppression of sodium, were used to define amino acid transport systems ASC, A, and L in isolated brain capillaries, according to the scheme proposed by Shotwell et ai. (1981) . The A and L systems were competitively inhibited, so that the contribu tion made by the ASC system to the transport of L-alanine, L-serine, and L-cysteine could be mea sured. The results of our experiments demonstrate not only that both the A (sodium-dependent) and the L (sodium-independent) systems of transport are present in isolated brain capillaries, as pre viously reported by Betz and Goldstein (1978) , but also that the ASC (sodium-dependent) system for neutral amino acid transport is present in this tissue. The patterns of L-alanine uptake in the pres ence and absence of sodium in this study were quite similar to those reported for the uptake of other neutral amino acids in rat hepatocytes (Won dergem and Harder, 1980) , in cultured human fibro blasts (Gazzola-Franchi et aI., 1982) . Although the substrate specificities of the three systems of trans port overlap slightly, alanine, serine, and cysteine were primarily transported by a sodium-dependent system. The greater part of this transport was not, however, inhibited by MeAlB. Therefore, the ASC system appears to contribute considerably to the total uptake of these amino acids. Furthermore, the kinetic experiments for alanine clearly indicate that this amino acid is transported by a saturable ASC system. Alanine was taken as an example of a sub strate for this system in isolated brain capillaries. The residual L-alanine, L-serine, and L-cysteine were taken up by the L-system, with a minor con tribution by system-A to the uptake of L-alanine and L-serine (5% and 28%, respectively). In this re gard, it is well known that in eukaryotic cells, as
many as two or three transport systems may con tribute to the uptake of a single amino acid (Gui dotti et aI., 1978) . The uptake of alanine was inhib ited in the presence of other neutral amino acids, suggesting the functioning of an ASC system of transport. It has been reported that almost all neu tral amino acids can inhibit the ASC system, al though the transport of many of them cannot be measured (Christensen et aI., 1967) . Our results also demonstrated that the transport of Me AlB and proline is strictly sodium-dependent and that the transport of leucine and phenylalanine is predomi nantly sodium-independent. In many cell types, the transport of amino acids against a chemical gradient requires extracellular sodium (Christensen et aI., 1967; Wondergem and Harder, 1980) . Our results indicate that the trans port of L-alanine, L-serine, and L-cysteine was greatly reduced in the absence of sodium. More over, ouabain, an agent that inhibits N a + ,K + AT Pase, inhibited the uptake of alanine by about 60%. Therefore, it is likely that transport by the ASC system in brain capillaries is dependent on the activity of this enzyme, which has been reported to be present principally on the abluminal plasma membrane of brain capillary endothelial cells (Betz et aI., 1980) . As the results of in vivo studies (Wade and Brady, 1981) provide evidence that transport via the ASC system does not occur from the lu minal side of the brain capillaries in adult rats, we propose that the ASC system in adult rats, like the A-system, is mainly located on the abluminal sur face of the brain capillaries.
The presence of an ASC system of transport on the abluminal surface of the brain capillaries is a reflection of its importance in the maintenance of homeostasis in the central nervous system. As alanine, serine, and cysteine can be synthesized by the brain, this transport system may provide the mechanism by which the concentrations of these substances in the brain are controlled.
